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Abstract

The marine natural product bryostatin 1 has demonstrated procognitive and antidepressant effects
in animals and has been entered into human clinical trials for treating Alzheimer’s disease (AD).
The ability of bryostatin 1 to enhance learning and memory has largely been attributed to its
effects on the structure and function of hippocampal neurons. However, relatively little is known
about how bryostatin 1 influences the morphology of cortical neurons—key cells that also support
learning and memory processes and are negatively impacted in AD. Here, we use a combination of
carefully designed chemical probes and pharmacological inhibitors to establish that bryostatin 1
increases cortical synaptogenesis while decreasing dendritic spine density in a protein kinase C
(PKC)-dependent manner. The effects of bryostatin 1 on cortical neurons are distinct from those
induced by neural plasticity-promoting psychoplastogens such as ketamine. Compounds capable
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of increasing synaptic density with concomitant loss of immature dendritic spines may represent a
unique pharmacological strategy for enhancing memory by improving signal-to-noise ratio in the
central nervous system.

Graphical Abstract
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INTRODUCTION

Alzheimer’s disease (AD) and related dementias affected 1.6% of the United States
population in 2014 and are among the leading causes of death and disability worldwide.2
As the global population continues to age, the need for identifying effective medicines to
treat AD is intensifying. Thus far, therapeutic approaches focusing solely on eliminating the
pathological hallmarks of the disease (e.g., amyloid plagues and neurofibrillary tangles)
have largely failed.3 Therefore, strategies directly addressing cognitive impairment and
synapse loss while simultaneously reducing the accumulation of toxic misfolded proteins
have enormous potential.

The protein kinase C (PKC) family of proteins is well known to be involved in both memory
formation and the regulation of misfolded proteins characteristic of AD. There are 12
isoforms of PKC in mammals, with many being highly expressed in the brain.# Due to the
roles that PKCa,, PKC+y, PKCe, and PKC( play in the cellular mechanisms that underly
learning and memory, they are sometimes referred to as “memory kinases.”* In addition to
their essential roles in normal brain function, these kinases are also involved in pathological
states such as AD. For example, amyloid B-peptide (AB) downregulates PKC levels® and can
directly inhibit PKCa and PKCe.6 Moreover, PKC is known to decrease A formation’ and
promote A clearance.? Therefore, activators of PKC might prove therapeutic for treating
AD and related disorders.?

The phorbol esters, including phorbol 12-myristate 13-acetate (PMA), are some of the most
well-known activators of PKC (Figure 1). In fact, these compounds have been shown to
potently potentiate synaptic transmission in the hippocampus.1%:11 However, the well-known
cancer promoting properties of several phorbol esters have drastically limited their
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therapeutic potential.1213 Unlike these compounds, the marine natural product bryostatin 1
(BRYO) does not promote tumor formation12-14 despite the fact that it is a potent modulator
of several PKC isozymes (Figure 1).1° This macrocylic lactone was originally isolated from
Bugula neritina by Pettit and co-workers!® and has demonstrated impressive effects on
neuronal structure and function. BRYO increases both transcript and proteins levels of brain-
derived neurotrophic factor (BDNF) in the hippocampus?’ and facilitates hippocampal long-
term potentiation.18 Additionally, BRYO increases hippocampal dendritic spine density in
aged rats,1® promotes mushroom spine growth when administered in combination with
Morris Water Maze (MWM) training,2 and rescues spine and synapse loss in two AD
mouse models (Tg2576 and 5XFAD transgenic mice).?1

Changes in dendritic spine and synapse density are believed to underly the pro-cognitive
effects of BRYO. Intracerebroventricular (ICV) administration of BRYO has been shown to
enhance memory in the MWM paradigm,24 and rescues spatial learning and memory deficits
exhibited by several rodent models of brain disorders including fragile X syndromel7:25 and
ischemic stroke.28:27 In transgenic rodent models of AD, BRYO not only improved memory,
21 jt also reduced levels of AB40 and AB42 while decreasing mortality rates in male mice.28
Owing to its promising effects in animal models, BRYO entered clinical trials for treating
AD.29:30 The supply of this structurally complex natural product has been an issue due to its
low and variable natural abundance, environmental and cost issues associated with
harvesting the marine organism, and the formidable challenges associated with its synthesis.
Fortunately, the Wender group has recently reported a scalable synthesis that supplies
sufficient quantities of BRYO and its analogs for future research and clinical development.3!

Despite early signs of success in mouse models of brain disorders, BRYO is very large (MW
= 905.03 g/mol) and does not possess the physicochemical properties typically associated
with most successful CNS therapeutics.32 While it can cross the blood-brain barrier
(BBB),33 its peak concentration (Cmay) is quite low (200 pM in mice).34 In this respect,
simplified and tunable bryostatin analogs (i.e., bryologs) could prove extremely useful.
35,36,37,38,39,40,4142.43 Additionally, these analogs can serve as powerful chemical tools for
investigating bryostatin’s mechanism of action. Here, we use a combination of
pharmacological tools, including bryostatin and prostratin analogs, to demonstrate that
BRYO increases cortical synaptogenesis and decreases cortical spinogenesis through a PKC-
dependent mechanism. To date, nearly all mechanistic work on BRYO has focused on its
effects on hippocampal neurons. Our study is directed at understanding how this important
natural product, its analogs, and other PKC modulators impact the structure of cortical
neurons—key players in learning, memory, and the pathophysiology of AD.

To determine the effects of BRYO on cortical synaptogenesis, we treated rat embryonic
cortical cultures with varying concentrations of BRYO for either 15 min, 6 h, or 24 h, and
performed immunocytochemistry experiments to visualize both pre- (VGLUTL1) and
postsynaptic (PSD-95) markers (Figure 2). Synapse density was determined via co-
localization of VGLUT1 and PSD-95 puncta. By employing threshold cutoffs (see Methods)
and restricting the size of colocalization events to < 1.5 um (approximately the size of a
large mushroom spine),** we were able to eliminate artifacts and the majority of
nonsynaptic colocalization events (e.g, large areas of colocalization on the soma). Similar
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approaches for the immunocytochemical detection of synapses have been reported
previously.4546:47:48,49.50 Because it is high-throughput, immunocytochemistry has become
the preferred method for quantifying synapse density as part of phenotypic drug screening
campaigns. Despite lacking resolution, quantification of synapse density using traditional
fluorescence microscopy correlates exceptionally well with ultrastructural techniques such
as electron microscopy and super-resolution imaging.51:52:53

We found that BRYO had little to no effect on VGLUT1 density; however, PSD-95 density
and synapse density both increased with inverted U-shaped concentration and time responses
(Figure 2A and B). Synapse density increased to a greater extent than did PSD-95 density
(Figure 2B), indicating that BRYO-induced synaptogenesis cannot be solely explained by an
upregulation of PSD-95 leading to coincidental colocalization with presynaptic puncta.
Overexpression of PSD-95 is known to cause the maturation of glutamatergic presynaptic
terminals,>* which could account for the increase in synapse density observed after BRYO
treatment.

The inverted U-shaped concentration and time responses observed following BRYO
treatment were quite obvious. BRYO has previously been shown to produce biphasic
concentration responses in other biological assays involving PKC,%>:%6 likely due to its
ability to down-regulate PKC via ubiquitination when treated at high concentrations or for
prolonged periods of time.57:58 Therefore, we next attempted to determine if BRYO
increases cortical synapse density through a PKC-dependent mechanism. A 10 nM treatment
of BRYO for 6 h produced the maximal increase in synapse density. Based on the K; values
of BRYO (Figure 1B), a 10 nM concentration would be predicted to activate various PKC
isoforms, and thus, this concentration and time point were used for all subsequent
experiments. Like BRYO, the compounds BA 1, PMA, and PA 3 are known to bind
conventional and novel PKC isoforms with nanomolar affinities (Figure 1).22:40.59.60.61 pJ|
four of these compounds increased cortical synaptic density when treated at 10 nM for 6h to
a comparable extent as ketamine (10 uM)—a well-known psychoplastogen62 and fast-acting
antidepressant (Figure 3A and B). Pre- and postsynaptic colocalizations (i.e., synapses) were
observed primarily on or directly adjacent to dendritic shafts. The fact that multiple PKC
modulators from two distinct chemical scaffolds (bryostatin and phorbol) produced similar
results on cortical synaptogenesis increased our confidence that PKC plays a key role in
their mechanisms of action. Furthermore, previous work has demonstrated that PKC
activators increase PSD-95 membrane localization through direct phosphorylation of serine
295 in human hippocampal neurons.53

To ensure that the synaptogenic effects of BRYO, BA 1, PMA, and PA 3, were not simply
the result of off-target effects due to the unique properties of the bryostatin and phorbol
scaffolds, we employed compounds IBA 2 and IPA 4—PKC-inactive structural analogs of
BRYO and prostratin, respectively (Figure 1).6465 Previously, we have shown that
structurally similar negative control compounds can be extremely useful for identifying off-
target mechanisms of action.#266.67 |n this case, neither IBA 2 nor IPA 4 were able to
promote synaptogenesis (Figure 3A and B), strongly implicating PKC in the synaptogenic
mechanism of BRYO and phorbol esters. This conclusion was further supported by
treatment with the PKC inhibitor G6 6983,%8 which blocked the effects of BRYO and BA 1
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(Figure 3C), consistent with our hypothesis that PKC plays an essential role in promoting
synaptogenesis in cortical cultures following treatment with BRYO.

As increased cortical synapse density following treatment with PKC modulators mirrored
increased PSD-95 density, we were interested to determine the effects of BRYO on dendritic
spines. Dendritic spines are critical post-synaptic structures where the majority of PSD-95 is
localized, and thus, we hypothesized that BRYO would increase dendritic spine density.
However, we were surprised to observe that treatment of cortical neurons with BRYO led to
a marked reduction in dendritic spine density (Figure 4). Because PKC is known to play a
critical role in regulating the dynamics of the actin cytoskeleton,59 we next determined the
role of this kinase in the effects of BRYO on spine density. As expected, BRYO-induced
spine loss was blocked by G6 6983, and the PKC-inactive compound IBA 2 did not produce
this phenotype (Figure 4B). Bryostatin induced a greater reduction in filopodia than
mushroom spine density (Figure 4C).

Recently, Margolis and co-workers observed that overexpression of PKCa or PKCe in
cultured hippocampal neurons reduced dendritic spine density at 12 days in vitro (DIV12).7
Moreover, they demonstrated that treatment with BRYO led to a reduction in dendritic spine
density in immature hippocampal cultures (DIV12), but that more mature hippocampal
neurons (DIV18) were resilient to BRYO-induced spine loss.”® In contrast, we observe that
BRYO is capable of reducing spine density even on mature cortical neurons (DI1V20) (Figure
4).

Changes in dendritic spine density are often correlated with changes in dendritic arbor
complexity.52:71 However, overexpression of several PKC isoforms is known to enhance the
dendritic branching of hippocampal neurons,’® and therefore, it was unclear to us if
treatment with BRYO would have a positive or negative impact on the dendritic growth of
cortical neurons. Surprisingly, treatment of cortical cultures with compounds BRYO, BA 1,
IBA 2, PMA, PA 3, or IPA 4 did not change dendritic arbor complexity as measured by
Sholl analysis (Figure 5). This result contrasts sharply with the effects of ketamine (Figure
5), suggesting that the antidepressant effects of BRYO?# are unlikely due to changes in
cortical structural plasticity as has been proposed for ketamine’273 and other
psychoplastogens.”! Instead, they likely arise from increased synaptogenesis in hippocampal
and/or cortical regions.

Using a combination of chemical tools, we were able to demonstrate for the first time that
the PKC modulator BRYO increases cortical synaptogenesis while decreasing cortical spine
density via PKC-dependent mechanisms. Future electrophysiology experiments will be
important for understanding how these structural changes impact neuronal function.
Additionally, our study highlights both similarities and differences between the effects of
BRYO on cortical and hippocampal neurons. For example, BRYO decrease spine density on
both cortical and hippocampal neurons; however, mature cortical neurons appear to be more
sensitive than mature hippocampal neurons to BRYO-induced spine loss.

Taken together, our results suggest that BRYO and associated PKC-activating analogs
produce changes in cortical structural plasticity that are completely distinct from those
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induced by psychoplastogens. BRYO does not enhance dendritic branching, and instead
causes dendritic spine loss with concomitant increases in synaptic density. This very unique,
chemically induced phenotype has the potential to improve cortical communication by
enhancing the signal-to-noise ratio. In support of this hypothesis, BRYO has been shown to
reduce the density of immature hippocampal spines in a mouse model of fragile X syndrome
and rectify the associated cognitive deficits.17:25 It is quite possible that the combination of
increasing synaptic density while decreasing immature dendritic spine density could underly
the promising effects of BRYO for improving memory and treating AD. The current lack of
effective medicines for treating neuropsychiatric and neurodegenerative diseases
underscores our desperate need to identify neurotherapeutics with novel mechanisms of
action. Harnessing the unique type of induced neural plasticity (iPlasticity)’4 promoted by
BRYO and other PKC modulators may prove useful for treating disorders characterized by
impaired memory and cognitive function.

METHODS

Drugs

Animals

Bryostatin 1 and all associated bryostatin and prostratin analogs were synthesized by
Professor Paul Wender’s group at Stanford University. PMA is commercially available.
Compounds were stored as 10 mM DMSO stock solutions under nitrogen. Stock solutions
were diluted in media to final concentrations of 0.1% or 0.2% DMSO for single treatments
and inhibitor studies, respectively. Ketamine hydrochloride (Fagron) and G6 6983 (Tocris,
2285) were purchased from commercial sources.

Sprague-Dawley rats were obtained from Charles River Laboratories (Wilmington, MA,
USA). All experimental procedures involving animals were approved by the University of
California, Davis Institutional Animal Care and Use Committee (IACUC) and adhered to the
principles described in the NIH Guide for the Care and Use of Laboratory Animals. The
University of California, Davis is accredited by the Association for Assessment and
Accreditation of Laboratory Animal Care International (AAALAC).

PKC Binding Assay

The protein kinase C (PKC) affinities of bryostatin 1 and analog compounds were
determined via competition with 3H-phorbol-12,13-dibutyrate (3H-PDBuU) as described
below. This procedure entails a glass-fiber filtration method to determine bound radioligand.
First, to a 50 mL polypropylene tube was added Tris-HCI (pH 7.4, 1 M, 1 mL), KCI (1 M, 2
mL), CaCl, (0.1 M, 30 pL), and bovine serum albumin (40 mg, Sigma-Aldrich). This
mixture was diluted to 20 mL with deionized H,O and mixed gently. The PKC assay buffer
was stored on ice until use. For every two assays, 3.5 mg phosphatidylserine (PS) (Avanti
Polar Lipids, porcine, 25 mg/mL CHCIj3 solution) was concentrated by remo»ving
chloroform under a stream of nitrogen followed by reduced pressure. The solid PS was
suspended as vesicles in freshly prepared PKC binding assay buffer (3.5 mL) by sonicating
six times for 30 s, with a 30 s rest between sonications (Branson Sonifier 250, power = 2,
50% duty cycle). The resulting milky cloudy mixture (1 mg/mL) was stored on ice until use.

ACS Chem Neurosci. Author manuscript; available in PMC 2021 June 03.
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Next, a 4 ug aliquot of the indicated recombinant human PKC isoform (Invitrogen) was
dissolved in 11.6 mL of PKC binding assay buffer (this amount is sufficient for two assays).
The diluted PKC was stored on ice for immediate use. To prepare a solution of the
radioligand, 3H-PDBu (American Radiolabeled Chemicals, Inc.; 1 mCi/mL acetone
solution; specific activity: 20 Ci/mmol) was diluted 10-fold with DMSO. The resulting 500
nM stock solution was further diluted with DMSO to 30 nM. Compound solutions were
prepared through serial dilution from a chosen “high” concentration by factors of 3 or 4. For
each analog compound, seven concentrations were used to define the inhibition curve. To
prepare the Master Mix solution, 3.3 mL of 1 mg/mL PS vesicles solution, 11 mL of PKC
isoform solution, and 1.1 mL of 30 nM 3H-PDBu solution were added to a polypropylene
tube. The resulting Master Mix was vortexed and stored on ice. Prior to performing the
assay, glass-fiber filters (Whatman GF/B) were prepared by soaking in a solution of aqueous
polyethyleneimine (10% by vol, 18 mL) in DI H,O (600 mL) for =1h. Additionally, 500 mL
rinsing buffer was prepared (20 mM Tris, pH 7.4) and cooled on ice for the duration of the
incubation period and for the remainder of the assay. The assay was run in triplicate for each
analog concentration. For each data point, 280 uL of Master Mix solution and 20 pL of
compound at a specified concentration were added to a polypropylene tube. Non-specific
3H-PDBu binding was assessed in triplicate by substitution of the analog compound with
unlabeled PDBu (20 pL of a 75 uM stock, assay concentration: 5 uM). Maximal 3H-PDBu
binding was assessed in triplicate by substitution of the analog compound with 20 uL
DMSO. The solutions were vortexed to mix, incubated at 37 °C for 10 min, and incubated
on ice for at least 30 min prior to filtration. Using a Brandel Harvester, the assay contents
from each polypropylene tube were vacuum-filtered through polyethylenimine-soaked
filters, washing with rinsing buffer (3X) and drying first under vacuum for 5 min and then
under ambient conditions for = 2h. The resulting filters had circular perforations for each
data point, which were removed with forceps and placed in a scintillation vial. Scintillation
vials were filled with Bio-Safe Il scintillation fluid (5 mL) and measured for radioactivity
using a Beckman LS 6500SC scintillation counter. Counts per minute (cpm) were averaged
for each triplicate dilution. The data were plotted — cpm vs. log(concentration) — using
Graphpad Prism Software and an 1Cgq was determined using that program’s built-in one-site
competition least squares regression function. K; values were calculated using the equation:
K;=1Cso/ (1 + ([3H-PDBuU] / Kg)), with the free concentration of 3H-PDBu being assumed
to be nearly equal to the added concentration (i.e., 2 nM). The Kq of 3H-PDBu was
measured via saturation binding under identical conditions (a = 15.1 nM, Bl =8.8 nM, y =
13.8nM, 6 =4.5nM, e =6.2 nM, 1 = 18.4 nM, © = 28.8 nM.

Primary cortical cell cultures were prepared as described previously.”! Briefly, pregnant
Sprague-Dawley dams were euthanized at embryonic day 18 (E18), and the cortices of the
pups were harvested. Cells were plated on poly-D-lysine coated plates at specific densities
depending on the experiment (vide infra). Cultures were maintained at 37°C under an
atmosphere containing 5% CO,. Plating media consisted of 10% heat-inactivated fetal
bovine serum (FBS; Life Technologies), 1% penicillin-streptomycin (Life Technologies),
and 0.5 mM glutamine (Life Technologies) in Neurobasal (Life Technologies). After 16-24
h, media was exchanged for replacement media consisting of 1x B27 supplement (Life
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Technologies), 1% penicillin-streptomycin, 0.5 mM glutamine, and 12.5 uM glutamate in
Neurobasal. For experiments requiring cells older than 7 days in vitro (DIV7), at 96 h post-
plating, 50% of media was removed and feeding media containing 1x B27 supplement, 1%
penicillin-streptomycin, 0.5 mM glutamine in Neurobasal was added with an additional 20%
volume added to account for evaporation.

Synaptogenesis Experiments

Synaptogenesis experiments were performed using 96-well plates coated with poly-D-lysine
at a density of 15,000 cells per well. The outer wells were not used to avoid edge effects. An
8-point concentration response (10 uM to 1 pM) at 3 time points (15 min, 6 h, and 24 h) was
conducted for bryostatin 1. Cells were challenged with drugs on DIV19 (24 hour treatment)
or DIV20 (15 minutes and 6 hours). Studies with the bryostatin analogs were performed
using a concentration of 10 nM for 6 h on DIV20. For inhibitor studies, cells were pretreated
with G6 6983 (100 nM) for 10 min prior to the addition of compounds (10 nM). At the
completion of the treatment period, 80% of the media was removed and a 50% volume of a
4% aqueous paraformaldehyde (PFA) solution at room temperature was added. The fixative
was applied to the cultures for 20 min at room temperature. Cells were then washed two
times with Dulbecco’s phosphate-buffered saline (dPBS, Life Technologies). For
immunocytochemistry experiments, cells were permeabilized with 0.2% Triton X-100
(ThermoFisher, 85111) in dPBS for 20 min at room temperature without shaking. Plates
were then blocked with antibody diluting buffer (ADB) containing 2% bovine serum
albumin (BSA) in dPBS for 1 h at room temperature without shaking. Then, plates were
incubated overnight at 4°C with gently shaking in ADB and a chicken anti-MAP2 antibody
(1:10,000; EnCor, CPCA-MAP?2), a guinea pig anti-vGLUT1 antibody (1:1000; Millipore,
AB5905, validated using genetic knockout’®), and a mouse anti-PSD-95 antibody (1:500;
Millipore, MABNS8, validated using ShRNA knockdown®). The next day, plates were
washed three times in dPBS and once in ADB. Plates were then incubated in ADB at room
temperature containing an anti-chicken IgG secondary antibody conjugated to Alexa Fluor
488 (1:500; LifeTechnologies), an anti-guinea pig 1gG secondary antibody conjugated to
Cy3 (1:500; Jackson ImmunoResearch Inc., 706-165-148), and an anti-mouse 1gG
secondary antibody conjugated to Cy5 (1:500; Jackson ImmunoResearch Inc., 715-605-151)
for 1 h. Next, plates were washed five times with dPBS and after the final wash, 100 pL of
dPBS was added to each well. All images were obtained using a Molecular Devices
ImageXpress Micro XLS Widefield High-Content Analysis System at 9 sites per well using
40x magnification.

Analysis was done using MetaXpress software. To quantify pre- and postsynaptic densities,
the “Find Round Object” feature was used to produce a mask on both the vGLUT1
(presynaptic mask) and PSD-95 (postsynaptic mask) channels. The longest diameter of the
objects was restricted to a range from 0.5 um to 1.5 um with intensities greater than 2500
unit and 1500 unit compared to the background for vGLUT1 and PSD-95, respectively.
Then, the program created a mask using the MAP2 channel, restricting the mask to 0 um to
30 pm and an intensity of greater than 1,000 compared to the background. The number of
events occurring in either the presynaptic mask or the postsynaptic mask was quantified and
these values were normalized to the measured MAP2 channel mask area (number of counts
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per um?). Normalized data were then tested for outliers using the ROUT method in
Graphpad Prism (version 8) at a Q = 1%. The outlier test was completed to remove artifacts
in an unbiased manner.

To measure synaptic density, the presynaptic and postsynaptic masks were overlaid using the
logical operation “and” to retain only signal that colocalized to form the synapse mask. The
number of events occurring in this synapse mask was quantified and normalized to the
MAP2 channel mask area (number of counts per um?). Normalized data were then tested for
outliers using the ROUT method in Graphpad Prism (version 8) at a Q = 1%. The outlier test
was completed to remove artifacts in an unbiased manner.

Spinogenesis Experiments

Cells were plated at a density of 35,000 cells per well onto poly-D-lysine coated coverslips
in 24 well plates and subjected to treatments on DIV20. For antagonist studies, cells were
pretreated with G6 6983 (100 nM) or vehicle (0.1% DMSQ) 10 min prior to the start of the
experiment. Cells were treated with drugs or vehicle (final concentration of 0.2% DMSO)
for 6 h total. Next, 80% of the media was removed and a 50% volume of a 4% aqueous PFA
solution at room temperature was added. The plate was incubated for 20 minutes at room
temperature. Cells were washed two times with dPBS and permeabilized with 0.2% Triton
X-100 in dPBS for 20 minutes at room temperature without shaking. Plates were then
blocked with ADB containing 2% BSA in dPBS for 1 hour at room temperature without
shaking. Next, plates were incubated overnight at 4°C with gently shaking in ADB
containing a chicken anti-MAP2 antibody (1:10,000; EnCor, CPCA-MAP2). The next day,
plates were washed three times with dPBS and once with ADB. Plates were then incubated
in ADB at room temperature containing an anti-chicken IgG secondary antibody conjugated
to Alexa Fluor 405 (1:500; AbCam, ab175675) and phalloidin conjugated to Alexa Fluor
488 (1:40; Thermofisher, A12379) for 1 hour. Following this, the plates were washed five
times with dPBS and after the final wash, dPBS (500 L) was added to each well. Coverslips
were then mounted onto microscope slides with ProLong Gold (Life Technologies, P36930),
allowed to cure at room temperature for 24 hours, and sealed using nail polish. Images were
taken on a Nikon High Content Analysis Spinning Disk Confocal Microscope at 100X.
Dendritic spines were manually counted by an experimenter blinded to treatment condition.
Spines were counted on secondary dendritic branches of similar thickness that were located
away from other dendrites/somas and clear of debris. Spines were visually defined as one of
the following spine types: filopodia, thin, stubby, and mushroom. Filopodia spines were
defined as having a long, thin f-actin signal lacking a spine head. Thin spines were defined
as having an f-actin spine neck leading to a small spine head. Stubby spines lacked spine
necks and were defined as concentrated f-actin signals (almost like punctate) localized on or
directly adjacent to a dendritic shaft. Mushroom spines were defined as spines having a short
spine neck and large spine head (i.e., mushroom shaped). Finally, the number of dendritic
spine was normalized to the length of dendrite.

Dendritogenesis Experiments

Dendritogenesis experiments were performed using 96-well plates coated with poly-D-
lysine at a density of 15,000 cells per well. The outer wells were not used to avoid edge
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effects. Cultures were treated on DIV3 compounds or vehicle for 1 hour at 10 nM. Ketamine
(10 uM) was used as a positive control. After 1 h, the media was replaced with fresh
replacement media, and the cultures were allowed to continue to grow for an additional 71 h.
Next, 80% of the media was removed and a 50% volume of a 4% aqueous PFA solution at
room temperature was added. The plate was incubated for 20 minutes at room temperature.
Cells were washed two times with dPBS and permeabilized with 0.2% Triton X-100 in
dPBS for 20 minutes at room temperature without shaking. Plates were then blocked with
ADB containing 2% BSA in dPBS for 1 hour at room temperature without shaking. Next,
the plates were incubated overnight at 4°C with gently shaking in ADB containing a chicken
anti-MAP2 antibody (1:10,000; EnCor, CPCA-MAP2). The following day, the plates were
washed three times with dPBS and once with ADB. Plates were then incubated in ADB at
room temperature containing an anti-chicken 1gG secondary antibody conjugated to Alexa
Fluor 488 (1:500; LifeTechnologies) for 1 h. Next, plates were washed five times with dPBS
and after the final wash, 100 uL of dPBS was added to each well. Images were taken using a
Molecular Devices ImageXpress Micro XLS Widefield High-Content Analysis System at 9
sites per well using 20x magnification. Images were quantified in ImageJ Fiji (version 1.52i)
using the Sholl Analysis Plug-in as described previously.”’

Data Analysis and Statistics.

Treatments were randomized, and data were analyzed by experimenters blinded to treatment
conditions. Statistical analyses were performed using GraphPad Prism (version 8.1.2). All
comparisons were planned prior to performing each experiment. Data are represented as
mean + SEM, unless otherwise noted, with asterisks indicating *p < 0.05, **p < 0.01, ***p
<0.001, and ****p < 0.0001.
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Bryostatin Analog 1 (BA 1) Prostratin Analog 3 (PA 3)
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PKC Inactive PKC Inactive

Bryostatin Analog 2 (IBA 2) Prostratin Analog 4 (IPA 4)

B
PKCa PKCpI PKCy PKC$ PKCe PKCn PKCo

BRYO 0.81 22 22 24 3.0 22 15

(0.6-1.1) (1.24.0) (1.5-3.3) (1.2-3.5) (2.14.2) (1.5-3.2) (1.0-2.1)
BA1 1.8 6.3 5.6 2.0 5.8 6.4 2.0

(1.1-29) (3.5-11) (3.0-10) (1.3-3.0) (2.3-12) (3.6-11) (1.1-3.6)
IBA 2 >5000 >5000 ND >5000 >5000 ND ND
PMA 1.5 3.54 17.39 1.61 9.04 ND ND
PA3 14 3.1 19 0.51 1.7 1.9 1.6

(0.88-2.2) (2.0-4.8) (1.3-2.9) (0.35-0.75) (1.1-2.6) (1.3-2.9) (0.88-2.8)

460 480 380 300

IPA4  260-820) (240-930) O (230-630) (200-440) O ND

Figure 1. Chemical toolsfor studying the effects of PK C modulation on neuronal structure.

(A) Chemical structures of compounds used in this study. Unlike BRYO, BA 1, PMA, and

PA 3, the inactive compounds IBA 2 and IPA 4 do not bind PKC and serve as structurally

similar negative control compounds for bryostatin and prostratin analogs, respectively. (B)

Ki values (nM) for various PKC isoforms determined using a cell free assay. Ranges in

parentheses represent 95% confidence intervals. The values for BA 1 have been previously

reported.22 Values for PMA were calculated from previously reported data?3 using the
Cheng-Prusoff equation. ND = not determined.
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Figure 2. Bryostatin 1 increases synaptogenesisin cortical cultures.
(A) Time- and concentration-response studies demonstrate that BRYO increases PSD-95 and

synapse density in an inverted U-shaped pattern. Maximal synaptic density was achieved
following treatment with BRYO for 6 h at 10 nM (N = 16-50 neurons per condition). (B)
BRYO (10 nM) increases synaptic density more than PSD-95 density. Data are represented
as mean + SEM. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, as compared to
vehicle control (one-way ANOVA with Dunnett’s post hoc test). Statistics were not
performed on the data in B. VEH = vehicle, KET = ketamine, treated at 10 pM

ACS Chem Neurosci. Author manuscript; available in PMC 2021 June 03.

-]

Hours
Time __4



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ly etal. Page 17

A VGLUT1 Density  PSD-95 Density Synapse Density c i
IPA 4 — [—]— BRYO [
PA3 P ++ ] *
PMA — e BRvol__3
IBA 2 [ * I+ = BA1 [
BA1 — ] - ** BA1[
BRYO — —
H
KET — R ven -
VEH —3 — VEH[
S S B |
05 10 15 20 25 0.5 1.0 15 20 25 05 1.0 15 20 25 05 1.0 1.5 2.0 25
Fold Change Fold Change Fold Change Fold Change
B MAP2 PSD-95 VGLUT1 Synapse Colocalization

L

Figure 3. Bryostatin 1 increases synaptogenesisin cortical culturesthrough a PK C-dependent
mechanism.

(A) PKC activators (BRYO, BA 1, PMA, and PA 3), but not inactive analogs (IBA 2 and IPA
4), increase PSD-95 and synapse density in cortical cultures when treated for 6 h at 10 nM
(N =37-54 neurons per condition). (B) Representative images of cortical cultures (DIV19-
20) treated with compounds for 6 h at 10 nM. Dendrites, presynaptic sites, and postsynaptic
sites are labeled using antibodies for MAP2 (grey), PSD-95 (magenta), and VGLUT1
(cyan), respectively. Synapses (red) were identified by colocalization events of pre- and
postsynaptic puncta meeting defined intensity and size requirements (see Methods). Scale
bar = 10 um. (C) The pan PKC inhibitor G6 6983 (100 nM) blocks the ability of BRYO and
BA 1 (6 h, 10 nM treatments) to promote synaptogenesis (N = 41-144 neurons per
condition). Data are represented as mean + SEM. *p < 0.05, **p < 0.01, ***p < 0.001,
****p < 0.0001, as compared to vehicle control (one-way ANOVA with Dunnett’s post hoc
test). VEH = vehicle, KET = ketamine, treated at 10 pM.
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Figure 4. Bryostatin 1 decreases dendritic spine density in cortical culturesthrough a PKC-
dependent mechanism.

(A) Representative images of cortical cultures (DIV20-21) treated with BRYO or IBA 2 for
6 h at 10 nM. Dendrites were labeled using an antibody against MAP2 (magenta), and F-
actin was labeled with a fluorescent phalloidin conjugate (green). When the two channels are
overlaid, dendritic spines can be identified as green protrusions extending beyond the
magenta dendrites. Scale bar = 5 pm. (B) Quantification of dendritic spine density in the
absence (=) and presence (+) of the pan PKC inhibitor G6 6983. (C) Quantification of
dendritic spine type. N = 21-24 neurons per condition. Data are represented as mean +
SEM. *p < 0.05 (Student’s t-test). VEH = vehicle.
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Figure 5. Bryostatin 1 does not influence dendritic arbor complexity in cortical cultures.
(A) Representative images of cortical cultures (DIV6) treated with compounds for 6 h at 10

nM. Dendrites were labeled using an antibody against MAP2 (magenta). Scale bar = 20 pm.
(B) Representative Sholl plots demonstrate that ketamine, but not BRYO, increases the
complexity of dendritic arbors. Shadings indicated 95% confidence intervals. (C) The Npmax
values of the Sholl plots demonstrate that BRYO and related PKC activators do not increase
dendritic arbor complexity (N = 81-107 neurons per condition). Data are represented as
mean £ SEM. ****p < 0.0001, as compared to vehicle control (one-way ANOVA with
Dunnett’s post hoc test). VEH = vehicle, KET = ketamine, treated at 10 uM.
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